The life-cycle of the amoeba Dictyostelium discoideum is characterized by a free-living vegetative phase in the presence of an adequate food source, and, under starvation conditions, a phase in which the amoebae aggregate, age and differentiate into one of two cell types. Differentiation is completed with the formation of a fruiting body composed of a cellulose stalk supporting a mass of spore cells and requires, under laboratory conditions, about 24h. The stalk cells die and the spore cells enter into a state of dormancy.
In common with many other systems (Wright, 1967) differentiation in Dictyostelium is dependent on endogenous metabolism as a source of carbon and energy. Metabolically the system is closed. For example, differentiation in Dictyostelium results in the catabolism of about 50% of the cellular protein (White & Sussman, 1961; Wright & Anderson, 1960) .
It has been suggested that this protein serves mainly as substrate for the tricarboxylic acid cycle and energy production (Wright, 1964) . This suggestion is supported by the finding that the rate of gluconeogenesis from ["4C] aspartate, estimated by the entry of label into trehalose and cellulose, is low (Cleland & Coe, 1964) . Hence the catabolized protein does not appear to be directed towards the synthesis of glucose.
The conversion of protein to tricarboxylic acidcycle intermediates and their subsequent oxidation must begin with proteolysis, and several enzymes (acid proteinase and aminopeptidase) that may play a role in this process have been isolated from Dictyostelium (Firtel & Brackenbury, 1972; Sussman & Sussman, 1969; Weiner &Ashworth, 1970; Gustafson Vol. 184 & Thon, 1979) . In addition, various enzymes involved in the conversion of the resultant amino acids to cycle intermediates have been examined (Bruhmuller & Wright, 1963; Firtel & Brackenbury, 1972; Langridge et al., 1977; Pong & Loomis, 1971a,b) . Very little is known about the oxidative segment of this process. Citrate synthase (EC 4.1.3 .7) has been partially purified and characterized (Porter & Wright, 1977) , and the respiratory chain of late-exponentialphase amoebae has been examined and its components shown to be similar to other eukaryotic systems (Erikson & Ashworth, 1969) . In addition, several enzymes associated with the chain have been studied (Takeuchi, 1960) . Gregg (1950) and Liddel & Wright (1961) have examined the uptake of 02 by Dictyostelium during differentiation, and the latter workers reported a decrease in the Qo2 (p1/min per mg dry wt.) to 25 % of the initial value as the organism progressed from the amoeba to sorocarp stages. In addition, changes in mitochondrial structure have been observed during differentiation George et al., 1972) .
Hence it is apparent that differentiation is accompanied by alterations in the oxidative metabolism of this organism, correlated with changes in mitochondrial structure, the activity of several enzymes associated with the respiratory chain, and the rate of 02 uptake. Lloyd (1970) has pointed out 'the study of processes of cellular differentiation involved in the life-cycle of many eukaryotic microorganisms constitutes a major field of biochemical activity. Yet with few exceptions, there has been little attempt to investigate the extent of changes in mitochondrial composition and activity or the control mechanisms implicated in the striking variations in respiration observed at the whole cell level. ' In Dictyostelium the tricarboxylic acid cycle is responsible for the oxidation of catabolized protein and hence constitutes an essential part of the process ofdifferentiation. The present paper describes some of the tricarboxylic acid-cycle characteristics at the preculmination and aggregation stages of development. Materials Organism D. discoideum (strain NC-4, A.T.C.C. 24697) was grown on nutrient-agar sheets in association with Escherichia coli as previously described (Marshall et al., 1970) . Amoebae were harvested and washed free of bacteria by differential centrifugation at 4°C. Cell suspensions were washed 3 times and suspended in distilled water before being spread on 2% agar containing 10mM-potassium phosphate buffer (pH 6.5) and 1 mM-EDTA.
(1 54 mCi/mmol), [1,5-14C] Labelling of tricarboxylic acid-cycle intermediates by 14C-labelled amino acids Cells were harvested at the preculmination or aggregation stage of development and suspended in lOOml of phosphate buffer (5mM, pH 7.0). The suspension contained approx. 50mg dry wt./ml. Carrier- uCi) was added, and portions (lOml) were removed over a 30min period. The samples were frozen in liquid N2, ethanol was added to 75 % (v/v), and the samples were allowed to thaw. Cell debris was removed (5000g, 5 min) and 1 vol. ofwater added to the samples, which were then freeze-dried. The freeze-dried material was taken up in lOml of water and centrifuged (5000g, 5min). Tricarboxylic acid-cycle intermediates were fractionated on a column of Dowex AGl-1 (X1O). The resin was washed with 2M-HCI and several volumes of distilled water before being poured into a column (1 cm x 4cm). The sample was applied and the column rinsed with lOml of distilled water. An HCI gradient (0-16mM, 500ml) was then applied and fractions (5.5 ml) were collected. Samples were removed from the fractions and counted for radioactivity. With this system alanine did not bind to the column. Glutamate and aspartate were eluted together at a low HCI concentration, followed by succinate, malate, fumarate, citrate and 2-oxoglutarate. The purity of the various fractions was ascertained by two-dimensional t.l.c. The first and second solvent systems were ether/formic acid/water (7: 2: 1, by vol.) and phenol/water/formic acid (75:25: 1, by vol.) respectively. The various fractions were collected, freeze-dried, resuspended in 2ml of water, counted for radioactivity and assayed. In the [14C]glutamatelabelling experiment the extracts were first fractionated on Dowex 50 (X12) resin and then as above in order to remove glutamate. Tricarboxylic acid-cycle intermediates did not bind to the resin. Control experiments were performed in order to investigate the possibility that the experimental conditions used for the labelling studies might lead to a change in the steady-state concentrations of various metabolites. Cells were harvested and suspended as above and samples removed over 30min and processed as above but assayed for malate, fumarate, citrate and succinate before fractionation.
uptake
Cells were harvested and suspended as above. 02 uptake was measured polarographically. Phosphate buffer (5 mM, pH 7.0; 1 ml) was allowed to equilibrate to 20°C and 50,u of cell suspension added.
Results
The concentrations of various tricarboxylic acidcycle intermediates and related metabolites were determined over the course of differentiation (Table  1 ). The concentrations differ by several orders of magnitude, with oxaloacetate being the smallest pool and succinate the largest. All the intermediates examined increase in concentration over the course of differentiation, usually between the preculmination and sorocarp stages of development. The final Time (min) Fig. 1 Vials were removed at intervals, 2.5 M-H2SO4 (200pI) was added by syringe to the suspension, and a portion (50pu1) of the trap counted for radioactivity. uptake then decreased for all three, so that, for glutamate and aspartate, only a further 20% was taken up in the next 40min. Acetate was taken up by the cells much more rapidly: within 5 min, 72 % was removed from the medium.
When the production of 14CO2 from 14C-labelled amino acids was examined, glutamate was found to be the best substrate, followed by aspartate and alanine. Over a 30min experiment 30% of the [14C]-glutamate added to the suspension and 13 % of the [14C]aspartate were recovered as CO2, whereas less than 1 % of the [14C]alanine added was oxidized (Fig. 1) . Glutamate also supports a higher rate of respiration in mitochondria isolated from all stages of differentiation in Dictyostelium (F. DeToma, personal communication). Incorporation of 14C-labelled amino acids into HC104-insoluble material was negligible over 30min under these conditions.
The procedure outlined in the Methods section was used to fractionate the tricarboxylic acid-cycle intermediates from cell samples that had been removed at various times from a ["4C]glutamate incubation.
This procedure resulted in the isolation of a crude tricarboxylic acid-cycle-intermediate fraction from which the individual intermediates were then isolated. Fig. 2 shows the conversion of ["4C]glutamate into this crude fraction: 10% of the label is converted immediately (10-15 s), and a further 20 % is converted at an approximately linear rate over the following 30min. The specific radioactivities of all the tricarboxylic acid-cycle intermediates examined (Fig. 3 2-oxoglutarate) remained approximately constant in specific radioactivity over the course of the experiment, whereas others (citrate, fumarate and malate) continued increasing in radioactivity, but at a much lower rate. The 2-oxoglutarate pool, derived from glutamate by transamination or dehydrogenation, showed the highest specific radioactivity. Succinate was labelled to about one-quarter of the specific radioactivity of 2-oxoglutarate, its immediate precursor. Fumarate and malate were labelled initially to about the same specific radioactivity. However, the subsequent rate of labelling was greater for malate. Citrate, initially, was labelled to about onethird the specific radioactivity ofmalate and fumarate and the subsequent rate of increase was similar to that of fumarate.
The homogeneity of the fractions recovered from column fractionation was investigated by t.l.c. as described in the Methods section. Succinate, fumarate, malate and citrate were found to be radiochemically pure. However, 25 % of the label in the 2-oxoglutarate Vol. 184 fraction did not chromatograph as such. In the experiments reported here this problem was circumvented by assaying the fraction for 2-oxoglutarate, which entails its conversion to glutamate, followed by isolation of the resultant glutamate by ion-exchange chromatography. Control assays indicated a 100% conversion of 2-oxoglutarate to glutamate. The glutamate recovered was then counted for radioactivity. A similar labelling experiment was also performed at the aggregation stage of development and yielded essentially similar results for those metabolites that could be recovered in sufficient radiochemical yield. A decreased permeability of Dictyostelium to exogenous precursors early in differentiation has already been demonstrated (Wright & Bard, 1963) .
It was also shown that, under the experimental conditions used for the labelling studies, the concentrations of those intermediates examined (succinate, fumarate, malate and citrate) exhibited a 10-15% increase over the first 6-10min of incubation and remained constant thereafter; we assume the system to be in metabolic steady state. Fig. 4 shows the entry of [14"Caspartate into the various tricarboxylic acid-cycle-intermediate pools.
Although the metabolic relationship between aspartate and oxaloacetate is superficially similar to that between glutamate and 2-oxoglutarate (large amino acid precursor pool supplying a much smaller product pool), the labelling patterns produced by the two "4C-labelled amino acids are very different. The specific radioactivities of three of the intermediates (succinate, fumarate and malate) exhibit a rapid decrease from initially high values, followed by a more gradual decline. No radioactivity could be detected in 2-oxoglutarate. Citrate was labelled rapidly over the first 8 min, and then more slowly. Time (min) Fig. 5 There are several possibilities for the route of entry of label into the 2-oxoglutarate pool. Glutamate may be converted to 2-oxoglutarate by transamination or oxidative deamination. Glutamate is the usual transamination product from other amino acids, through the action of glutamate transaminase. In many systems the enzyme is found in both mitochondrial and cytoplasmic compartments. Oxidative deamination of glutamate also results in the formation of 2-oxoglutarate. This deaminase has been isolated from Dictyostelium and shown to exist in two forms, one in each compartment (Langridge et al., 1977) .
A second interpretation of the [14C]glutamate labelling profile is based on possible biochemical differences between the two presumptive cell types that exist at preculmination, e.g. differential permeability to glutamate, differential cycle activity (Farnsworth & Loomis, 1974; Takeuchi, 1960) (Balazs & Haslam, 1965) . Since the glutamate pool is much larger than the 2-oxoglutarate pool, this exchange would reduce the specific radioactivity of the latter. In addition, (b) the Vol. 184 2-oxoglutarate pool isolated is a mixture of both intraand extra-mitochondrial pools. This would reduce the specific radioactivity of the isolated 2-oxoglutarate, since a large part of the 2-oxoglutarate pool may be extramitochondrial.
The labelling patterns of malate, fumarate and succinate can be accounted for by a reversal of the malate dehydrogenase, fumarase and succinate dehydrogenase reactions. These reactions are all reversible (Lowenstein, 1967) . The oxaloacetate pool (not measurable) from which malate is synthesized, and presumably the aspartate pool associated with it, must be turning over rapidly to result in the rapid decline in specific radioactivity that is observed for malate.
If the cycle flux is 0.4mM/min (Kelly et al., 1979) and the total citrate pool is 0.06mM, calculations indicate that this pool should label more rapidly than observed (about 6min). There are several possible explanations: (1) the oxaloacetate pool from which citrate is synthesized may be distinct from that which is used for malate synthesis and may take longer to equilibrate with the ['4C]aspartate pool; or (2) the enzymes converting 2-oxoglutarate to citrate may be physically associated in the cell in such a way that the intermediates produced by one enzyme in the complex serve as substrate for the next. It has already been shown that such an association could exist for citrate synthase and malate dehydrogenase (Harper & Srere, 1977; Koch-Schmidt et al., 1977 
Interpretation ofalanine labelling
Alanine is transaminated to pyruvate from which acetyl-CoA, citrate and lactate are all derived. These last three are the only intermediates in which label was detected. Lactate dehydrogenase is present during growth and differentiation in Dictyostelium (Firtel & Brackenbury, 1972) . Though citrate synthesis is probably mitochondrial, the other cycle intermediates fail to show any incorporation. In addition, the production of 14C02 from [U-_4C]alanine (Fig. 1) is low. If the high rate of exchange for the glutamate = 2-oxoglutarate reaction, invoked earlier in the interpretation of the ["4C]aspartate data [and discussed more fully in the following paper (Kelly et al., 1979) ] is correct, then the lack of incorporation of label into cycle-intermediate pools other than citrate can be explained. Since the acetyl-CoA formed from [14C]-alanine and used in citrate synthesis is not released on the first turn of the cycle, and since the above-mentioned exchange reaction would lower its specific radioactivity in 2-oxoglutarate, the low rate of "4CO2 production from [14C] alanine is also explained.
